Abstract-The combination of massive multiple input multiple output (MIMO) schemes with orthogonal frequency division multiplexing (OFDM) modulations are being considered for 5th generation (5G) wireless broadband systems. However, both the high complexity associated to massive MIMO transceivers as well as the amplification problems of OFDM constitute important drawbacks of such combination.
I. INTRODUCTION
In actual broadband wireless communication systems such as WiFi 802.11ac [1] and 4th generation (4G) cellular networks [2] , multiple input multiple output (MIMO) techniques are employed to obtain an increased capacity and/or achieve diversity gains [3] , [4] . In fact, although MIMO techniques were primarily designed for flat fading channels, they were later considered for frequency-selective channels [5] , [6] , where their combination with orthogonal frequency division multiplexing (OFDM) [7] modulations allows high data rate transmission over severely time-dispersive channels with simple equalization procedures [8] , [9] . Recently, to take further advantage on the gains inherent to multiple antenna schemes, massive MIMO-OFDM schemes with a very large number of antenna elements have been proposed [10] and are under consideration for 5th generation (5G) cellular networks [11] . Essentially, there are two main problems associated to massive MIMO-OFDM: (i) the high implementation complexity associated to user separation techniques that may require inversion of very large matrices, and (ii) the well known amplification problems associated to OFDM [12] that can be intensified in multiple antenna systems [13] .
In this work we consider a massive MIMO-OFDM scheme with transmit antennas and users. This scheme employs a maximal ratio transmit (MRT) technique, that does not require the inversion of big matrices to separate the data for each user, combined with a time-domain clipping operation for peak-to-average power ratio (PAPR) reduction and increased amplification efficiency [14] , [15] . Clearly, although a low complexity, energy efficient transmission can be obtained, the transmitted signals are impaired with nonlinear distortion effects due to the nonlinear nature of the clipping operation. For this reason, we take advantage of the Gaussian distribution of OFDM signals with a large number of subcarriers, and present a simple analytical method for obtaining both the power spectral density (PSD) of the transmitted signals, as well as the signal-to-interference (SIR) at the detection level [16] - [19] . It is shown that having a large number of transmit antennas leads to an increased robustness against nonlinear distortion effects associated to the clipping. More specifically, it is shown that the SIR levels increase with the ratio / , provided that ≫ . This allows the adoption of lower clipping levels and, consequently, the use of signals with reduced PAPR, even with larger constellations (which are known to be more sensitive to nonlinear distortion effects).
The notation is as follows: bold letters denote matrices or vectors. Italic letters denote scalars. Capital letters are associated to the frequency-domain and small letters are associated to the time-domain. , denotes the element on the th line of th column of X. (⋅) and (⋅) are the transpose and the transpose conjugate operators, respectively. The probability density function (PDF) of the random variable , ( ), is simply denoted by ( ).
[⋅] represents the expected value.
II. NONLINEAR MASSIVE MIMO-OFDM SYSTEM
In this section, we describe the massive MIMO-OFDM scheme adopted in this work. As represented in Fig. 1 , we consider transmit antennas and receive antennas (this could be the case where a base station with transmit antennas is communicating with single-antenna mobile users, although we could easily extend our approach to other scenarios). We consider a frequency-selective channel with taps. Therefore, we represent the link between the th transmit antenna and the th user is represented by the
, where ℎ( ) , represents the Rayleigh fading coefficient between the th receive antenna and the th transmit antenna for the th tap. On the other hand, the fading coefficients associated to the th path are represented by the matrix
The OFDM symbol transmitted to each user is composed by useful data symbols plus = ( − 1) idle subcarriers, which is formally equivalent to have an oversampling factor of = ( + )/ . The total number of subcarriers is = + . The set of OFDM blocks to be transmitted is represented by
where
is the symbol transmitted for the th user on the th subcarrier. The data symbols are selected from a quadrature phase shift keying (QPSK) constellation, where
Having in mind (2), we refer to one of its columns as the data transmitted on the th subcarrier, i.e., S(
. On the other hand, we define the set of data symbols associated to the th user as S( ) = [ ,1 ,2 ⋅ ⋅ ⋅ , ]. Thus, the timedomain OFDM signal transmitted to the th user is given by the inverse discrete Fourier transform (IDFT) of S( ) =, i.e.,
When is large, these time-domain samples have a complex Gaussian distribution with zero mean and variance 2 = 2 /( 2 ). Thus, the real and imaginary parts of the time-domain samples are distributed according to
Provided that the cyclic prefix is larger than the th tap, the frequency-selective channel can be separated in flat-fading channels. Therefore, the channel for the th subcarrier is
In these conditions, the received signal for the th subcarrier is
represents the complex noise components associated to the data on the th subcarrier, where [| , | 2 ] = 2 2 and 2 is defined according the signal-to-noise ratio (SNR).
Regarding the user separation, techniques such as zero forcing (ZF), or singular value decomposition (SVD) [20] can be employed. However, as these techniques require several matrix level operations, their complexity become too large even for low-to-moderate values of and . Therefore, they are not adequate for massive MIMO-OFDM scenarios. Additionally, in the case of SVD, there must be cooperation between different receive antennas, making it also not adequate for the cases where different receive antennas are placed at different MTs. An interesting alternative for this case is the MRT. Unlike in SVD, this technique only involves a precoding operation and the MTs do not need to cooperate for user separation. Fig. 2 shows the detail of a massive MIMO-OFDM transmitter. Before transmission, the data symbols on the th subcarrier are precoded by the matrix H ( ) (i.e., the precoding is made at the subcarrier level), resulting
If we focus on a given transmit branch , the time-domain precoded OFDM signal is that the distribution of the precoded signal remains Gaussian but with a different variance, i.e., 2 ∕ = 2 . In fact, the power of the precoded signal increases with . More specifically, the following relation holds
In order to reduce the PAPR of the precoded signal, we consider a clipping technique that is defined as
where / denotes the normalized clipping level. For the th transmit branch, the clipping yields
Due to the Gaussian nature of the precoded OFDM signal, we can study the nonlinear distortion levels associated to the clipping by considering this operation as a nonlinear transformation of a Gaussian signal. Therefore, the Bussgang's theorem [16] , [17] can be employed and (10) can be separated in uncorrelated useful and distortion components, i.e.,
where the scale factor is given by
3 The clipping in each transmit branch is characterized by the same nonlinear function.
Regarding the frequency-domain, the nonlinearly distorted OFDM signal associated to the th branch is Y( ) = [ ,1 ,2 ⋅ ⋅ ⋅ , ] , and
] represents the nonlinear distortion terms. The PSD associated to the nonlinear distortion term [| , | 2 ] can be obtained through the discrete Fourier transform (DFT) of its autocorrelation , . For that purpose, we can start by obtaining the autocorrelation of the clipped signal, that is shown to be a function of the input signal autocorrelation
, and the power associated to the intermodulation product (IMP) of order 2 + 1 [19] 
The power of the IMP of order 2 +1 is 
and it can be noted that accurate estimates of both the total and the distortion PSDs of the transmitted signals can be obtained by computing the DFT of (14) and (16), respectively.
III. SIGNAL-TO-INTERFERENCE RATIO
Let us now focus on the data transmitted on the th subcarrier, that is
with
representing the nonlinear distortion terms. At reception, the received signal for the th subcarrier is
+N( ).
Considering (18), we present the subcarrier level equivalent of our scenario in Fig. 5 . Basically, on the th subcarrier of the th user, we have
Inter-user intereference
Nonlinear distortion and noise
, where
represents the nonlinear distortion term scaled by the channel frequency responses. As we are specifically interested in study the impact of the nonlinear distortion on the transmitted signals, we consider a very large SNR and neglect [| , | 2 ]. In these conditions, the SIR for the th subcarrier is
According to (20) , the average value of the nonlinear distortion term is
As the nonlinear distortion elements between different transmit branches are uncorrelated, i.e.,
we may write
Thus, the SIR for the th subcarrier becomes
(24) Clearly, to avoid interference amongst users, it is required that ( ) , = 0 for ∕ = . In other words, P( ) should be diagonal, i.e., P( ) = I,
where is a constant and I is the identity matrix. However, in general, the matrix P( ) = H( )H ( ) is not diagonal. Nevertheless, when a large number of transmit antennas is considered, i.e., ≫ , and the links between the transmit and receive antennas are uncorrelated, the elements outside the diagonal are much smaller when compared to the elements inside the diagonal [10] . In fact, when ≫ , the following approximation can be made
meaning that in such scenarios the interference amongst different users can be almost neglected. In these conditions, (24) can be rewritten as
In a single input single output (SISO) scheme, the SIR is simply [19] 
Comparing (28) with (27), it seems that the SIR associated to a MIMO scheme using the MRT technique is improved by a factor of . However, it should be pointed out that the power of the distortion term is higher in (27) since the precoding operation changes the power of the signal at the input of the nonlinearity. More specifically, having in mind the power relation of (8), it can be noted that the power of the distortion term increases with . In these conditions, the SIR associated to a massive MIMO transmission considering the MRT technique is
Therefore, provided that ≫ , we have
i.e., the SIR considering a MIMO system with MRT technique is proportional to the ratio / . Fig. 6 shows the simulated and theoretical SIR for the first user SIR
(the conclusions for other users are the same). The theoretical SIR was obtained by computing the PSD of the distortion, i.e., by computing the DFT of (16) figure it can be seen that accurate estimates of the SIR can be obtained. Additionally, although the SIR does not double when is doubled for all values of , we can observe (30) from a given value of , since (26) becomes tight for ≫ . As an example, it can be noted that when increases from = 4 to = 8, the difference between the two corresponding values of SIR
MIMO
, is approximately 2.5 dB. However, when increases from = 16 to = 32, the SIR increases almost 3 dB, which also is verified when is doubled to = 64. Therefore, it can be concluded that the nonlinear distortion effects associated to the clipping operation decrease as increases, which means that when massive MIMO-OFDM systems and the MRT technique is considered we can have acceptable distortion levels even when severe clipping operations are employed for PAPR reduction.
IV. CONCLUSIONS In this paper we considered the use of massive MIMO techniques combined with clipped OFDM. It was shown that increasing the number of transmit antennas leads to an increased robustness against nonlinear distortion effects associated to the clipping. More specifically, it is shown that the SIR levels increase with the ratio / , provided that ≫ . This allows the adoption of lower clipping levels and, consequently, the use of signals with reduced PAPR, even when larger constellations are employed (which are known to be more sensitive to nonlinear distortion effects).
